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Cross-hole imaging method using Time Domain (TD) and Frequency Domain (FD) parts of cross-hole radar
tomography data acquired using Step Frequency Ground Penetrating Radar (SFGPR) was implemented.
This method was adopted for imaging foundation of a dam to check if the foundation was free of geological
weak zones. The dam site is characterised by massive and jointed-phyllites associated with major and minor
shears. The cross-hole radar tomography data was acquired in the frequency bandwidth of 250 MHz, from
the deepest level gallery up to a depth of 40 m in the foundation. In TD, first arrival time and amplitudes
of radio waves were inverted using Simultaneous Iterative Reconstruction Technique (SIRT) resulting in ve-
locity and attenuation tomograms. The tomograms showed nearly uniform velocity or attenuation structure
in the respective tomographic plane. Subsequently, cross-hole radar tomography data was analysed in FD for
a variation of spectrum-amplitude at different frequencies. Amplitudes picked at each single frequency were
then inverted using SIRT for obtaining frequency domain attenuation tomogram (FDAT). The FDAT clearly
showed presence of anomalous high attenuation zones in the depth range of 23–33 m of the tomographic
plane. The anomalous zones in the attenuation tomogram are weak zones in the foundation. To validate
the above observations, cross-hole seismic tomography was also done in the same boreholes. Cross-hole seismic
tomography results showed low velocity (p-wave) zones around the same location corresponding to the high
attenuation zone in FDAT, bringing the dormant weak zone to light. This enabled fine-tuning of the reinforce-
ment design and strengthening the weak zone. This paper discusses the cross-hole radar tomography imaging
method, the results of its application in imaging weak zones in the foundation and the comparison of
cross-hole radar tomography results (in TD and FD) with the cross-hole seismic tomography results.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Cross-hole tomography is one of the high resolution imaging tech-
niques adopted for imaging subsurface targets, when the depth and
size of target are beyond the resolving power of near surface geophysical
techniques. Different near surface geophysical techniques can be found
in literature (Butler, 2007; Dahlin, 1996; Everett, 2012; Hinze, 1990;
Pellerin, 2002; Steeples, 2001; Woolery, 2002; Yule et al., 1998).
Cross-hole tomography is preferred as it is a viable alternative geophys-
ical imaging technique, where surface survey is not possible due to lim-
ited area of interest for investigation. There are different cross-hole
geophysical techniques based on seismic, electrical and electromagnetic
methods (Angioni et al., 2003; Deceuster et al., 2006; Deidda and
Ranieri, 2005; Jung and Kim, 1999; Saito et al., 1990; Wadhwa et al.,
2009). Among such techniques, cross-hole radar tomography is gen-
erally preferred owing to its high resolving power enabled by the use
echanics, Champion Reefs, P.O.,
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of very high frequency ranges (microwaves), for the given probing
depth and non-destructive imaging capability (Davis and Annan,
1989; Jha et al., 2002; Valle et al., 1999).

Cross-hole radar tomography has been applied for a variety of objec-
tives for imaging targets of size ranging from few millimetres to few
metres using various techniques based on data acquisition, processing
and analysis for imaging targets (Holliger et al., 2001; Klotzsche et al.,
2010; Valle et al., 1999; Vasco et al., 1997; Wänstedt et al., 2000).
Each of those studies has been successful in imaging subsurface targets
to a different degree of resolution and accuracy and majority of the
cross-hole radar studies involve treating the tomography data in Time
Domain (TD). In TD, time and amplitude of radar waves in the media
are generally used for imaging the rockmass and other targets. The
cross-hole radar tomography images obtained by inversion of time
and amplitude are useful in quickly reconstructing the image of the sub-
surface medium in terms of its velocity and attenuation structures. For
most geological materials, the dielectric permittivity varies between
3–40 F/m. Presence of water or air influences the dielectric permittivity
of the rock mass and thereby the travel time of propagation in the geo-
logical material (Nuzzo et al., 2008). However, in geological materials
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the radar wave velocity does not generally vary significantly as to en-
able deciphering subtle variation in rock mass conditions. Hence, poor
velocity contrast reduces resolving power. The resolving power of
such TD technique is also influenced by size of the target, separation
of boreholes, ray path coverage, and sensitivity of EM waves to the
change in electrical properties between the target and the hostmedium.
For a medium characterised by poor dielectric permittivity contrast,
variation in conductivity of the medium can be a useful alternative as
conductivity strongly influences the amplitude along the path of prop-
agation of radio waves (Hinz and Bradford, 2010; Holliger et al., 2001;
Zhou and Fullagar, 2001). Higher conductivity is well known to impart
higher attenuation of radio wave amplitudes. However, amplitude varia-
tions are not always commensuratewith the conductivity as amplitude is
also influenced by geometric spreading,multiple scattering or diffraction,
antenna radiation pattern and transmission (Quan and Harris, 1997).
Therefore, it is often difficult to obtain reliable attenuation estimates
always from the amplitude decay method. Moreover, in order to resolve
subsurface features based on attenuation structure, a sufficient contrast
in conductivity is essential.

In FD, studies based on transmission and measurement of mono-
frequency (Cote et al., 1995), estimating attenuation (Quan and Harris,
1997), studying pulse broadening by centroid frequency down shift
(Liu et al., 1998), material–signal interaction (Grandjean et al., 2000),
mapping conductive zones in the subsurface (Zhou et al., 2001) and
imaging media heterogeneity using phase and amplitude inversion
(Ellefsen et al., 2011) have demonstrated the effectiveness of the FD
approach in tomographic imaging. However, since most of such studies
have been conducted using impulse GPR (IGPR), they have predomi-
nantly relied on data transformed from TD. Analysing target responses
as acquired in raw and pre-transformed data is one of the possibilities
for better resolution of the subsurface targets, which is made possible
in frequency domain radars. Moreover, frequency of signal holds some
additional clues for understanding the nature of the medium or target
under study (Annan and Cosway, 1992; Bradford, 2007; Reynolds,
2000). FD processing and analysis of data can help bring out such impor-
tant information and help improve the resolution of the target. Hence, as
an alternative approach to understanding the attenuation, we analysed
the Step Frequency GPR (SFGPR) signal in FD. Details about various
works with SFGPR can be found in literature (Iizuka et al., 1984; Kong
and By, 1995; Langman and Inggs, 2001; Leckebusch, 2011; Noon et
al., 1994; Stickley et al., 2000).

In this study, we have adopted cross-hole imaging method using
cross-hole radar tomography in which SFGPR data has been analysed
separately in TD and FD. While time and amplitude were inverted in
TD for velocity and attenuation structures, amplitude at different fre-
quencies was inverted in FD for obtaining frequency domain attenua-
tion. The tomographic imaging method has been applied for imaging
the foundation of a dam site with encouraging results. To validate the
above observations, cross-hole seismic tomography was also done in
the same boreholes.

The organisation of the paper is as follows: Section 2 provides the
details of the cross-hole imaging method. Section 3 describes the case
study wherein the site of cross-hole-tomography survey, data acquisi-
tion and implementation of the imaging method. Section 4 discusses
the results of the cross-hole imaging and finally Section 5 gives the con-
clusion of the study.

2. Cross-hole imaging method

Cross-hole radar tomography is an inverse problem in which image
of the subsurface target and the medium between a pair of boreholes is
reconstructed based on the influence rendered by electrical conductiv-
ity and dielectric permittivity of the medium through which the wave
propagates (Annan, 2005). For inversion, waves transmitted through
the medium between a pair of boreholes are measured at constant in-
tervals throughout the depth of the boreholes over a dense network
of ray paths between NT number of transmitter (Tx) locations and NR

number of receiver (Rx) locations. This results in collection of NT × NR

data set. The entire set of data is then inverted using Simultaneous Iter-
ative Reconstruction Technique (SIRT) to generate a 2D tomographic
image called tomogram. The tomogram is interpreted in the light of
the geological setting in the study area. Details of SIRT are given in
Section 2.3.

Cross-hole radar tomography is a robust method (Clement, 2006)
as measurements are reliable for closely spaced boreholes and denser
acquisition ray paths. In cross-hole radar tomography, the EM waves
travel with different velocities influenced by relative dielectric per-
mittivity (εr) and are subjected to attenuation due to conductivity
(Hinz and Bradford, 2010) and propagation losses (Reynolds, 2000).
While velocity is a time domain factor, the attenuation of signal can
be studied in time domain as well as in frequency domain.

2.1. Time domain tomography

Travel time and amplitude of the TD signal are commonly used to
reconstruct velocity tomogram and attenuation tomograms, as it is
relatively easier and quicker to get these values from the measured
data. Since velocity and attenuation are related to two different elec-
trical properties (electrical conductivity and dielectric permittivity) of
the media (Zhou et al., 2001), it is useful to obtain both the tomo-
grams as they can provide complementary information.

Cross-hole velocity tomography is a technique to obtain distribu-
tion of velocity in the medium between a pair of boreholes. Velocity
tomography is useful in getting a high-resolution image of themedium.
The resolution depends on the contrast in the dielectric permittivity in
the medium, size of the target and the separation between the Tx and
Rx boreholes. In order to reconstruct the velocity structure, an NT × NR

matrix of travel times are obtained before inversion using SIRT
(Section 2.3). The resulting velocity image, known as cross-hole radar
Velocity Tomogram (VT), is the distribution of wave velocity in the
plane separating the boreholes. VT enables identification of anomalous
velocity zones lying between the boreholes as well as imaging individ-
ual velocity layers.

In attenuation tomography, the amplitude of the signal recorded
at the receiver positions throughout the length of the borehole is
used for generating attenuation tomogram (Holliger et al., 2001; Zhou
and Fullagar, 2001). In situations,where the contrast in dielectric permit-
tivity of the target and the host medium is poor and the medium or tar-
get is conductive, the attenuation tomogram holds better information
than its velocity counterpart on the property of themedium as the prop-
agation of radar wave amplitude is highly influenced by conductivity
(Annan, 2005; Zhou et al., 2001). In order to reconstruct the attenuation
structure, NT × NRmatrix of amplitudes are obtained and inverted using
SIRT (Section 2.3). The resulting attenuation structure in the plane sepa-
rating the boreholes is called as cross-hole radar Attenuation Tomogram
(RAT).

2.2. Frequency domain tomography

When radar wave velocity in a medium does not vary significantly,
the radar wave attenuation becomes a crucial factor to understand the
properties of the medium. Such situations arise when the medium is a
complex geological setting, characterised by poor electrical contrasts
and high conductivity or attenuation. It is well known that, small fault
zones or fractures are normally more conductive compared to the sur-
rounding media and affect the propagation of EM waves (Haeni et al.,
2002; Lane et al., 1994; Stolarczyk and Fry, 1990). Therefore, studying
the amplitude variations at different frequencies could yieldmore infor-
mation on the subsurface medium. This is because, variation in the
amplitude with frequency is quite significant (Jha et al., 2003, 2004;
Neto and de Medeiros, 2005) even for low to moderate conductive
losses in the media. Hence, an attempt was made to study the variation
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amplitude in the frequency domain. This led to development of a
new technique called Frequency Domain Attenuation Tomography
(Jha et al., 2004).

SFGPR transmits a continuous sinusoidal step frequency signal,
which is mathematically represented as (Kong and By, 1995)

F tð Þ ¼ Aei2π fþnΔfð Þt n−1
N

T ≤ t ≤ n
N
T ð1Þ

where A is the amplitude of the signal and nΔf designates the nth fre-
quency step interval, Δf, N is the total number of step frequencies and
T is the fundamental period of the signal. The SFGPR transmits wave-
form frequency tones stepped with Δf, which are highly stable and
uniformly spaced across a wide fractional bandwidth. The spectrum
of the received signal is expressed as

F fð Þ ¼ Sdc fð Þ þ a SR fð Þei2πft ð2Þ

where Sdc(f) is the spectrum of the direct coupling between the trans-
mitter and receiver and SR(f) is the spectrum of the received signal
and ‘a’ is the coefficient. In the case of cross-hole tomography survey,
since the transmitter and receiver inside the boreholes are separated
by a constant distance, the direct coupling signal becomes insignifi-
cant and hence, it can be neglected in Eq. (2). The SFGPR spectrum,
SR(f)e i2πft, consists of a combination of radar system response and
medium response. When the input spectrum and the radar system re-
sponse are wide-bandwidth and non-dispersive, the received spec-
trum can be considered the resultant effect of propagation through
the in situ property of the medium (Kong and by, 1995). It has been
observed that various features are reflected in the tomograms with
different representative frequencies based on their size and attenuation
properties. Subsequently, the spectrum of the raw data is analysed for
variation in amplitude at different frequencies. If inversion of amplitude
at single representative frequencies is judiciously made, images with
improved resolution can be obtained. Thus, the frequencies whose
amplitude-variation is at least 0.2 times the maximum spectrum am-
plitude recorded are identified. This minimum variation is required
to obtain a discernible attenuation structure. The amplitude values
corresponding to such frequencies are extracted from the raw spectrum.
A matrix (NT × NR) of such amplitude values corresponding to each fre-
quency f are thus obtained and were then inverted using SIRT (Section
2.3) resulting in cross-hole Frequency Domain Attenuation Tomogram
(FDAT) that depicts the structure of attenuation in the tomographic
plane.

Since the spectral response to different types of target is different,
FDAT is different from the approach of Cote et al. (1995), who used
amplitudes corresponding to mono-frequency signals transmitted at
different depths. When the spectral response at different frequencies
is segregated and studied, more information on the nature of the target
and medium can be deciphered. This is demonstrated in the FDAT ap-
proach. Analysing amplitudes at frequencies that are representative of
subsurface responses is equivalent to obtaining frequency-filtered am-
plitude. Frequency domain attenuation at such individual frequencies
holds a better chance of resolving the target than attenuation using the
TD amplitude.

2.3. Inversion of the cross-hole radar tomography data

In inversion, a model of a subsurface area under investigation is
estimated in terms of velocity and attenuation, using time and ampli-
tude data sets, D, from the area. The initial estimate can be solved by
iterative algorithm SIRT, which is straight line ray inversion technique.
The SIRT algorithm is a finite series-expansion method (Dines and Lytle,
1979; Gilbert, 1972; Ivansson, 1986; McMechan et al., 1987; Stewart,
1992) based on the Algebraic Reconstruction Technique (ART). Gordon
(1974), Censor (1983) and Peterson et al. (1985) give details of ART
algorithm. The ART algorithm operates on only one ray path at a time,
whereas the SIRT algorithmoperates on all the ray paths passing through
a given zone simultaneously (McGaughey and Young, 1990). SIRT
iteratively updates velocity or attenuation estimates until it matches
travel-time data or amplitude, starting from some initial value.

In cross-hole tomography, the cross-hole data D, along a ray path
P, can be expressed as

D ¼ ∫P xdr ð3Þ

where, x designates the slowness model, dr, the increase in the ray
path length. The ray path P is the straight line connecting a transmit-
ter point and receiver point. This model (x) is then used to recon-
struct the velocity and attenuation structures from the acquired
data. Such inverse problem is solved by linear functions relating
the model and the acquired data and casting the inverse problem
as an iterative linear perturbation problem. The slowness xj assigned
to a cell, j, for a given ray path (i) of travel time or amplitude (Di) is
expressed as

δDi ≈∑
j

∂Di

∂xj
δxj ð4Þ

where Di represents the data propagating along the ith ray, xj is the
modelled value in the jth cell.

This equation can be re-written in the form

D ¼ W½ �x ð5Þ

whereD is n-component vector of the travel time or amplitude residuals,
x is them-component vector of the perturbation of the subsurfacemodel
andW is the matrix of partial derivatives relating D and x. The matrix of
partial derivatives of vector

W ¼
W11 W12… W1j
W21
W31

⋱ ⋮
Wi1 ⋯ Wij

0
BB@

1
CCA: ð6Þ

The vector componentWij of ith ray in jth cell in the matrix ofW is

given by
∂Di

∂xj
.

The inversion model is built by dividing the plane separating the
radar transmitter and receiver holes into a mesh of grid cells known
as finite elements (Fig. 1). Each element in the mesh is assigned an
initial value (x0) for the time or amplitude considered, and the syn-
thetic travel time or amplitude for the portion of each ray path pass-
ing through the grid cells is calculated. The initial value is estimated
based on the time or amplitude value at the centre of the grid.

Starting from x0, the iterative technique solves for x in Eq. (5) to-
ward improved solutions using the update equation

xkþ1 ¼ xk þ Δxk ð7Þ

where k denotes the iteration number and Δxk, is the error term.
ART considers each row ofW in turn, adjusting each component of

x, such that each component Δxkj of Δxk is given by

Δxkj ¼
Di−∑b

a¼1Wiaxa
∑b

a¼1W
2
ia

Wij: ð8Þ

SIRT implements the ART update of Eq. (5), but the corrections are
saved until an entire iteration (all rows) is completed. The mean cor-
rection vector is applied, weighted component-by-component by the
number of non-zero elements in the appropriate column of W. The



Fig. 1. SIRT inversion model uses straight rays and cells between the boreholes in the
tomographic plane area (A); propagation paths (denoted “i”) through each cell are used
in the simultaneous iteration process towards minimising the error between the model
and measured values.
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SIRT update equation is given by Eq. (9), where the jth component of
Δxk is given by

Δxkj ¼
1
Uj

Xn

i¼1

Di−∑m
a−1Wiaxa

∑m
a¼1W

2
ia

Wij ð9Þ

where Uj is the number of non-zero components in the column vector
Wij.

The mesh representing the tomographic plane is divided into X
number of cells along the distance between the two boreholes and
Y number of cells along the depth of the boreholes, resulting in a
mesh of (X × Y) cells. The total travel time or resultant amplitude for
each ray path in the mesh is built up and then compared to the mea-
sured travel time or amplitude. The velocities or attenuation assigned
to the various elements are then adjusted iteratively until the calculated
and measured travel times or amplitudes for the ray path converge
within an RMS error limit of 0.001 dB for amplitude and 0.01 ns for
time. The iteration stops at this stage and produces the reconstructed
image between the boreholes.

In SIRT, the ray paths intersect a number of cells in their path
resulting in accurate estimates of the velocity or attenuation for
each cell. Since the density of rays in the central portion between
the boreholes is high compared to that at the edges, this difference
causes SIRT to assign errors to the cells at the edges. Thus, the error
in the edges of the model is less constrained compared to the central
part and thus, the uncertainty in limiting the error is greater at the
edges (Clement and Knoll, 2000). Using the SIRT algorithm smoother
and better looking reconstructions are usually obtained at the ex-
pense of slower convergence. Corresponding to the time or amplitude
input to the SIRT, the velocity or attenuation tomograms are obtained.

3. Case study

3.1. The site of cross-hole tomography survey

The site of the cross-hole tomography investigation is an RCC dam
(schematic plan in Fig. 2), located in the Lesser Himalayan region. The
geological setting of the Lesser Himalayas is highly complex and offers
challenges to major construction projects. Geologically the site is pre-
dominantly characterised by quartzitic phyllite in jointed form with
the phyllite exposed at the surface, thinly bedded phyllite, sheared
phyllite and phyllitic quartzite. At many places, major joints dipping to-
wardsWSWwith shearing effects were noticed in the phyllites. Major-
ity of the foliation joints were dipping downstream. Due to intersection
of theWSW dipping joints with foliation joints, structural wedges have
been formed in the foundation and these wedges have led to uneven
foundation surface.

Various geological, geophysical and geotechnical investigations
are generally done for deciphering the geological structures and associat-
ed rock and rock mass quality at various depths. Depending on strengths
and weaknesses in the rock mass, sufficient reinforcement measures, are
generally taken to ensure long-term stability of the foundation. Despite all
such investigations and design-reinforcements, hidden or dormant geo-
logical weak zones might come to the fore posing a challenge for major
construction projects, as dormant features are not always detectable.
Hence, it is useful to ascertain that the foundation is free of any (dormant)
weak zone, given the complex geological setting characterised by shear-
ing in the rock mass. Fig. 3 shows the geological section of the dam site,
where some seepage of water was observed during reinforcement mea-
sures. Therefore, it was necessary to investigate the foundation. Most fea-
sible location to probe was from the lowest drainage gallery at RL523 m,
which was approximately 100 m long and 2.5 m wide, and aligned
with the axis of the dam. A 30 m stretch between RD −58 m and
−88 m of the gallery was chosen for this cross-hole radar tomography.

The layout of boreholes (Fig. 2 inset) and section-view (Fig. 3) of
the four boreholes, between RD −58.4 m to −88.0 m, used in the
cross-hole tomography data acquisition are shown in the backdrop
of their plan location (Fig. 2) and the geological setting (Fig. 3) re-
spectively. The diameter of each of the boreholes was 74 mm, and
the holes were cased with plastic pipes up to the bottom of the bore-
hole. The borehole co-ordinates confirmed the verticality of the bore-
holes. The location of the four boreholes provided three consecutive
pairs of boreholes, with a separation of 10.85 m, 9.25 m and 9.60 m
respectively and each plane of separation identified as A, B and C.

3.2. Instruments and data acquisition

Fig. 4(A) is the setup of the SFGPR data acquisition system. Kong
and By (1995) discuss its operating principle, details of the instru-
mentation, which uses network analyzer as the transmitter–receiver,
performance of this radar, its advantages and disadvantages. A brief de-
scription of SFGPR, used in this study, is given in Balasubramaniam et al.
(2013). The borehole antennas (Fig. 4B) used in the present data acqui-
sition are passive elements, designed to perform ultra wideband opera-
tion. Suitable frequency band is identified through a trial test prior to
actual data acquisition. As the cased boreholes were vertical and care
was taken in transmitter–receiver positioning in the borehole, possibil-
ities of trivial errors in the tomography data were either avoided or
minimised. The uniformity of spacing between the boreholes was also
cross-verifiedwith the travel times of radar and seismicwaves between
transmitter and receiver at different depths of each pair of holes.
Data was acquired up to 40 m into the foundation from the drainage
gallery floor (RL523 m) in the frequency bandwidth of 250 MHz. The
cross-hole radar tomography data was acquired along the entire depth
of the planes at 1 m interval.

For cross-hole seismic tomography, a 24-channel digital seismo-
graphwas used as the data acquisition unit. The source of seismic signal
was an electrical sparkerwith 4 KVdischarge in a short span of time. An
electrical signal is sent to trigger the seismograph at the same instant as
the electrical discharge thereby eliminating the timing errors associated
with triggering. The receiver of the seismic system is a string of rugged,
moulded, 12-hydrophones spaced at 1 m. Cross-hole seismic tomogra-
phy data were acquired at 1 m interval for the same depth by measur-
ing p-wave arrivals. Thus, radar and seismic tomography data sets were
generated.

3.3. Cross-hole data inversion

The cross-hole data were generally free of noise and this enabled
picking of first arrivals and amplitude without resorting to processing
(Gheshlaghi and Santamarina, 1998; Tronicke et al., 2000). The radar



Fig. 2. Schematic part plan of the dam, the drainage gallery (zoomed inset) plan layout of the boreholes for the cross-hole tomography survey.
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data in time and the frequency domains were analysed and inverted
using the cross-hole imaging method (Section 2). For tomographic re-
construction, the plane area separating a borehole-pair was divided
into a mesh of 50 cells × 50 cells rendering a cell size of 0.2 m and
0.4 m. The resultant average RMS error of iterations for time and fre-
quency domain data are: VT— 0.00003 ns; RAT— 0.000008 dB; FDAT
(100 MHz) — 0.000386 dB; FDAT (200 MHz) — 0.000100 dB. In tan-
dem, cross-hole seismic tomography travel time data was also inverted
for p-wave velocity structure (RMS error: 0.005 ms) in the same tomo-
graphic planes. The results of inversion of TD and FD parts of the data
are discussed in the following section.

4. Results and discussion

The final resultant images of the time domain and frequency do-
main analysis and inversion are discussed in this section, presented
in Figs. 5, 6, 7 and 8. For quick identification, each plane separating
a pair of boreholes is marked A, B and C, representing each of
the planes between, −77.17 to −88.00 m, −67.95 to −77.17 m
and −58.40 to −67.95 m respectively. Fig. 5 is a set of three VT
showing distribution of radar wave velocity in the foundation. Fig. 6
is a set of three RAT showing the attenuation structure of the radar
wave in the foundation. Figs. 7 and 8 show, a set of three FDAT at
100 MHz and 200 MHz respectively, the attenuation structure based
on the spectrum-amplitude variation. Finally, Fig. 9 is a comparative
presentation of results of the radar frequency-domain data inversion
(Fig. 9A) and the seismic arrival time inversion (Fig. 9B).

The VT of plane-C is indicative of a largely homogeneous rock
mass with the velocity of radar wave distributed predominantly in
the range of 8.5–10.5 cm/ns. The other two tomograms (planes A
and B) too exhibit a similar trend of velocity along with a few pockets
of higher velocity (11–13 cm/ns) scattered in the entire tomographic
plane. These ranges of radar wave velocity are quite indicative of
undisturbed rock mass in the foundation. The range of relative permit-
tivity value expected for this range of velocity is 5–9,with occasional ex-
cursions up to amaximum of 12.5, which is the characteristic of phyllite
(Schön, 1996). The RAT of all the three planes (A, B and C) shows radar
attenuation in the range of 5–7 dB/m, with occasional poorly attenuat-
ing pockets scattered in the planes A and B. Neither the RATs were
showing contrast in attenuation nor did the three VTs showed any cor-
relating velocity zone, indicating that the rockmass might be free from
dormant defects.

Subsequently, based on the analysis of amplitude variation at dif-
ferent frequencies attenuation tomograms obtained at two different
frequency values 100 MHz (Fig. 7) and 200 MHz (Fig. 8) are compared.
The 100 MHz FDAT of the three planes (A, B and C), shows a character-
istic attenuation of 6–7.5 dB/m dominating the entire depth range of
the planes. There are some isolated and insignificant pockets of lower
attenuation (around 5 dB/m) and higher attenuation (8–9 dB/m) in
those three planes. The FDAT at 200 MHz too shows a similar attenuation
trend as seen for 100 MHz, with three visibly contrasting attenuation
zones at different parts of the planes. However, among such zones,
there is a notable high attenuation zone (7.5–11 dB/m) in plane-B
(Fig. 9A) in the RL range 490–500 m (RD67.95–73 m). This anomalous
high attenuation zone obtained at 200 MHz was clearly indicative of a
change in the character of rock mass at this depth and is representative
of a likely weak zone probably rendered by shearing in the rock mass.

The cross-hole radar tomography results were compared with the
cross-hole seismic tomography results obtained in the planes A, B and C.
A combined view of the cross-hole radar tomography and cross-hole
seismic tomography results is presented in Fig. 9. The three seismic
velocity tomograms are 2D reconstruction of p-wave velocity

image of Fig.�2


Fig. 3. Geological section of the cross-hole tomography site; four boreholes drilled between −58.40 m and −88.00 m; XT is the location of cross-hole tomography survey. A, B and
C are the three planes separating three pairs of boreholes.
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distribution in the vertical planes. Interestingly, a Low Velocity Zone
(LVZ) (2200–3500 m/s) is quite conspicuous in the tomographic
plane B (Fig. 9B), which is predominantly characterised by p-wave
Fig. 4. A) Step frequency GPR data acquisition system setup and
velocity ranging between >3500 and 5500 m/s. P-wave velocity of
this range is normally representative of a good quality rock mass and
in this case it is a likely representative of jointed hard phyllite tomassive
(B) pair of borehole antennas mounted on cut-plastic pipes.

image of Fig.�3
image of Fig.�4


Fig. 5. Cross-hole time domain velocity tomograms (VT) showing distribution of radar wave velocity, in the three planes (A, B and C) in the foundation.
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phyllite. The velocity range of 2200–3500 m/s is generally observed in
situ in weathered rock to highly jointed hard rock. This LVZ is seen at
three locations in the depth range of 15–40 m in the host medium
whose p-wave velocity is at least 1.5 times higher. Such large variation
in the p-wave velocity is quite significant and it clearly indicates that
Fig. 6. Cross-hole time domain attenuation tomograms (RAT) showing attenuatio
the rock beneath the dam is not uniform in character and there were
some zones or patches with lower seismic velocities representing a
weak zone with poorer rock quality. Considering the contrast in the
seismic velocity, it is likely that the LVZ is due to theweak zone possibly
rendered by shearing in the rock mass.
n structure of radar wave, in the three planes (A, B and C) in the foundation.
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Fig. 7. Cross-hole frequency domain tomograms (FDAT) at 100 MHz showing attenuation structure of radar wave in the foundation.
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The LVZ of seismic velocity tomogram (Fig. 9B) is a strong indica-
tion of a weak zone in the foundation and exists in the same depth
range as that of the high attenuation zone (AZ) (7.5–11 dB/m) seen
in FDAT at 200 MHz. The size of the LVZ and the AZ correlates well
with each other in the plane B (Fig. 9), which confirms beyond doubt
that the AZ is truly representative of some weak zone in the rock mass
that had remained dormant. The shearing phenomena the rock mass
Fig. 8. Cross-hole frequency domain tomograms (FDAT) at 200 MHz showing attenuation
plane-B strongly indicating an anomaly in the foundation.
had undergone in the past had possibly rendered such a weak zone and
this zone along with a few minor pockets have either remained
dormant or undetectable. Since space availability restricted investigation
to a 2D plane, understanding the upstream–downstream extension of
these weak zones is beyond the scope of the cross-hole imaging. Howev-
er, in keeping with the geologically mapped shear zones, it is expected
that these weak zones in the foundation might follow the trend and dip
structure in the foundation. A high attenuation structure (around RL498 m) is seen in

image of Fig.�7
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Fig. 9. Comparison of the cross-hole radar and seismic tomography results. (A) FDAT tomogram at 200 MHz showing high attenuation zone (7.5–11 dB/m) representing the weak
zone (encircled); (B) seismic tomography results showing p-wave low velocity zone (2200–3500 m/s) due to the weak zone (encircled).
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in line with the geological setting. Thus, cross-hole radar tomography
results were substantiated by the cross-hole seismic tomography re-
sults and these identified weak zones were recommended for proper
reinforcement.

5. Conclusion

The frequency domain approach in analysing the spectrum-
amplitude at different single frequencies and the identification of
single-effective-frequencywere instrumental in locating the high atten-
uation zone representing a dormant weak zone in the foundation. This
has been demonstrated by the frequency domain attenuation tomo-
grams that revealed the weak zone, which otherwise remained elusive
in the timedomain tomograms. The ability to dissect transmission spec-
trum in accordance with the media response and target size have
proved advantageous in highlighting the dormant weak zone. Higher
contrasts in the electrical properties of the rock mass in the foundation
could have reflected better on the radar time domain tomograms
(velocity or attenuation). The results of cross-hole seismic tomography,
whichwere done for validation purpose, unambiguously complemented
FDAT images.

This study instils further interest in the analysis of frequency domain
data to understand and take advantage of frequency–rock mass interac-
tion in identifying near surface defects. Tomographic reconstruction
based on inversion of spectrum amplitude in the frequency domain
appears to be a viable alternative way of themapping attenuation distri-
bution in a medium and will be useful to obtain an image of the subsur-
face targets with improved resolution.
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